A surge in the search for endophenotypes for psychiatric disorders has occurred in the past several years. An important criterion of an endophenotype is that it is heritable. Two of the most widely used executive cognitive functioning measures are the Wisconsin Card Sorting Test (WCST) and the Stroop Color-Word Test. Each has been considered as a possible endophenotype. However, research on the heritability of each of these measures is sparse, and in the case of the WCST, mixed. As part of a pilot twin study examining cognitive functioning and personality in adults, the WCST and the Stroop were administered to 80 monozygotic and 29 dizygotic twin pairs screened for absence of neurological disease and head injury. Results replicated and extended previous findings for moderate heritability of Stroop performance. However, the WCST showed little evidence of genetic influence, suggesting that it might not meet one of the criteria for an endophenotype.
Poor executive cognitive functioning has been associated with a variety of psychiatric disorders, including schizophrenia (see Szoke et al., 2005 for a recent meta-analysis), co-morbid substance dependence and conduct disorder (Giancola & Mezzich, 2000) , and attention-deficit/hyperactivity disorder (ADHD; Doyle et al., 2005) . Executive functioning is a broad domain encompassing many dimensions, including response inhibition, focusing attention on relevant stimuli while tuning out extraneous ones, organizing and planning, updating, and decision-making (Miyake et al., 2000; Stuss & Alexander, 2000) . The apparent associations with a specific area of the brain (Fishbein, 2000) , coupled with their association with psychiatric disorders, make certain dimensions of executive functioning obvious candidates for endophenotypes or 'biological intermediate traits' between genes and psychiatric phenotypes (Almasy & Blangero, 2001; de Geus, 2002; Gottesman & Gould, 2003; Inoue & Lupski, 2003) .
Two of the most widely used executive functioning measures are the Wisconsin Card Sorting Test (WCST), which taps cognitive flexibility and ability to shift set, and the Stroop Color-Word Test, which taps cognitive inhibition of an overlearned response. Performance on each task has been linked to different areas of the frontal cortex (Fishbein, 2000) , which make them each potentially valuable candidates for endophenotypes. Not surprisingly, each task has been considered as a possible endophenotype for disorders such as schizophrenia (Keri & Janka, 2004) and ADHD (Doyle et al., 2005; Stins et al., 2004) .
The identification of endophenotypes can enhance the search for genes associated with behavioral phenotypes because the individual genes in a polygenic system would account for more variance in an endophenotype than in the behavioral phenotype (Almasy & Blangero, 2001; de Geus, 2002; Gottesman & Gould, 2003; Inoue & Lupski, 2003) , though recent work suggests that endophenotypes might have complex genetic architectures much like the phenotypes they are meant to replace (Flint & Munafo, 2007) . Performance on the WCST has shown mixed findings with regard to associations with specific genes. For example, it has been associated with Catechol-O-Methyltransferase (COMT) in healthy (e.g., Bruder et al., 2005) and schizophrenic subjects (e.g., Egan et al., 2001; and with BDNF gene polymorphisms in bipolar (but not schizophrenic) subjects . However, two studies have failed to find an association between WCST and COMT polymorphisms in children with ADHD (Mills et al., 2004; Taerk et al., 2004) . Stroop performance has been associated with interactions between DRD2 and COMT genes (Reuter et al., 2005) . However, these genetic association findings do not in themselves provide evidence that WCST or Stroop performance is suitable as an endophenotype. An endophenotype has several characteristics (Almasy & Blangero, 2001; de Geus, 2002; Gottesman & Gould, 2003; Inoue & Lupski, 2003) , including (1) it is correlated with the disease and/or disease severity, (2) it is heritable, (3) it is found in unaffected family members, (4) its association with the disease is state-independent, and (5) it is reliable and stable. Doyle et al. (2005) outline the evidence for executive functioning measures as potential endophenotypes for ADHD, and note that information on heritability of many of the measures is lacking or mixed. This is certainly the case for the widely used WCST and Stroop executive functioning measures.
Only four published studies have examined the heritability of WCST performance. Two studies were based on small samples (30 or fewer twin pairs) and found no evidence of genetic influence on WCST scores (Campana et al., 1996 , Nicole & Del Miglio, 1997 . Using a somewhat larger sample (58 MZ, 25 DZ) of female young adult twins, Anokhin et al. (2003) showed moderate heritability for most (not all) WCST scores. Finally, like the earlier studies, Kremen et al. (2007) found no evidence of genetic influence on any WCST score in a large subsample (over 300 twin pairs) of middle aged male twins drawn from the Vietnam Era Twin Registry. Thus, the literature on the heritability of WCST performance is small and mixed, with the two largest twin studies showing opposite results from quite different samples (young adult women vs. middle aged men).
The literature on the heritability of Stroop performance is similarly small, though the results are fairly consistent. Johnson et al. (2003) examined Stroop performance in 50 pairs of MZ and 37 pairs of DZ twins reared apart (the majority of the sample was age 40-70). The MZ twins reared apart correlation is a direct estimate of heritability. It ranged from .43 to .53 for the three Stroop trials (word reading, color reading, and color-of-the-word reading), and it was .34 for the interference score calculated from the three trials. Stins et al. (2004) examined response times on the Stroop test in 290 12-year-old twins, and reported a heritability of about 70% for the three Stroop trial scores, and 50% for the interference score. In sum, the literature on the heritability of WCST performance is small and mixed, and the two published studies examining heritability of Stroop performance are consistent, but cover nonoverlapping age groups.
The present study examined both WCST and Stroop performance in male and female adult twins, to help clarify research on the heritability of the former, and round out evidence for heritability in the latter, within an age group missed by previous studies.
Materials and Methods

Twin Ascertainment
Twins in this study were recruited during the creation of the Florida State Twin Registry (Taylor et al., 2006) . Most twins in the registry were ascertained through the registrar at Florida State University, based on a match on last name, date of birth, and city of birth provided to the investigator each semester. Potential twin pairs identified through the registrar matches were contacted via mail to confirm that they were twins and, if so, to invite participation in the study and in the registry. Twins from the university and from the surrounding communities also volunteered for the study after learning about it from advertisements or word of mouth.
Study Sample
The sample for the study included 80 MZ pairs (22 male) and 29 same-sex DZ pairs (4 male). Twins in the study ranged in age from 18 to 83 years old (M = 23.76; SD = 11.68). The MZ pairs were not significantly different in age (M = 23.73; SD = 12.27; range in age: 18-83) than the DZ pairs (M = 23.85; SD = 10.18; range in age: 18-60). The sample racial/ethnic composition reflected that of the University and the surrounding area: 77% white; 16% AfricanAmerican; 5% Hispanic; and 3% mixed or other race.
Zygosity was determined using two methods: a 5-item self-report questionnaire, completed by the twins, that has over a 95% accuracy rate as indicated by validity testing using DNA (Lykken et al., 1990) , and a rating of twin similarity adopted from the one used on the Minnesota Twin Family Study on natural hair color, natural eye color, and ear shape and attachment, completed by trained research staff. At the time of the similarity rating, a close-up digital photograph was taken of an eye and an ear of each twin -this was used in resolving any discrepancies between the similarity rating and the self-reported zygosity questionnaire. Discrepancies in twin and staff ratings occurred in 8% of the sample. Most discrepancies could be resolved by examining the digital photographs; those that could not be resolved were coded based on the twin reported zygosity questionnaire.
Study Procedure
Twins completed the study at the same time during a single session in a laboratory on the Florida State University campus. All study procedures were approved by the IRB of Florida State University, and participants were treated in accordance with the standards of the granting agency that funded the research. Written informed consent was obtained from each twin prior to beginning any procedures. A research assistant conducted the twin similarity rating, and then the twins were separated to independently complete the remaining procedures. Cognitive functioning measures were administered first, followed by self-reports and interviews. The study took approximately 3.25 hours to complete, and each twin received US$30.00 for participating. Only the cognitive functioning measures were examined for this report.
Study Measures
Participants completed the WCST-64: Computer Version for Windows -Research Edition (Heaton, 2000) . The WCST requires the respondent to sort cards according to a predetermined criterion (color, form, or number) using only minimal feedback ('Correct' or 'Incorrect') after each trial. The computer program yields T scores (M = 50; SD = 10) for Total Errors, Perseverative Responses, Perseverative Errors, and Nonperseverative Errors. These T-scores are normed for age (and, for those over 20, age and education level; Heaton et al., 1993) . Raw scores for the number of categories completed are also provided. Participants were also administered the Stroop Color-Word Test (Golden, 1978) by a trained research assistant. The Stroop test begins with a word reading test (Word) followed by a color naming test (Color) and finally a test that requires the respondent to name the color that the word is printed in, ignoring the content of the word (Color-Word). On each card, the participant is given 45 seconds to read the items out loud as quickly as possible. If a mistake is made, the test administrator indicates this, and the participant must correct the error before continuing. The raw score for each card is the number of items read within the allotted 45 seconds. The Stroop yields a T score for each test, as well as an Interference score calculated from the other test scores (Golden, 1978) .
Data Analysis
For each variable, twin intraclass correlations, means, and standard deviations were calculated. Then, univariate biometrical models were fit to the data to estimate additive genetic (A), shared environmental (C), and nonshared environmental (E) influences. (Given the small sample size, models testing nonadditive genetic effects were not fit to the data, as the sample was certainly underpowered to detect such effects.) Models were fit to variance--covariance matrices using maximum likelihood estimation in Mx (Neale et al., 1998) . Expected covariances were specified as follows:
MZ cov = A + C DZ cov = .5A + C Overall model fit was evaluated with the goodness-offit chi-square statistic. The results from the full (ACE) model informed decisions about which nested models to fit to the data. Nested models (e.g., AE) were compared to the full model by testing the significance of the difference in chi-square, which is the difference in -2 log-likelihood, between the two models on the difference in df between models. A nonsignificant chisquare difference indicated that the nested model could be selected over the full model. Competing nested models were compared to each other using two fit indices, Akaike's criterion (AIC; Akaike, 1987) 
Results
Data were missing on the Stroop for one pair of male DZ twins, due to color blindness in one of the twins, yielding a total of 28 pairs available for analyses. There was a significant correlation between age and WCST and Stroop scores. Gender also correlated significantly with Stroop scores. As such, data on each measure were age-and sex-corrected as needed, prior to analyses using regression procedures outlined by McGue and Bouchard (1984) . Given the potential concerns about using age-and sex-corrected T scores, analyses were repeated using age-and sex-corrected raw scores, and the results matched those obtained with T scores. Results were also the same when treating raw variables as ordinal after creating six
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Heritability off WCST and Stroop categories for each. Moreover, the need for additional age correction of the scores could raise potential concerns about the inclusion of older adult twins in this mostly young adult sample. As such, the analyses were repeated (including a new round of age-and sex-correction as needed) after removing all twins over the age of 40, and the results closely matched those obtained from the full sample. As such, the results from the full sample using age-and sex-corrected T scores are presented. The distribution for each variable was normal and none required transformation. For each variable, all but a few twins had scores within 2.5 SD of the mean. (Note that outlier scores were adjusted by bringing them to within 2.5 SD of the mean, and results closely matched those from analyses in which scores were not adjusted.) Table 1 presents (noncorrected) raw and T score means and correlations for each variable by zygosity. No significant mean or variance differences between MZ and DZ twins were found for any variable. Consistent with other research (e.g., Miyake et al., 2000) , performance on the Stroop and WCST was at best modestly correlated (all rs less than .16 absolute value) in the entire sample. Twin correlations in Table 1 suggested that WCST performance is not heritable. As such, biometrical models were fit only to the Stroop scores and those results are presented in Table 2 .
The AE nested model provided the best fit for the Word and Color scores. The models did not adequately fit the data for the Color-Word score, though the pattern and magnitude of the estimates in the models were consistent with those from previous studies. Finally, the Interference score showed possible shared environmental influence, but the AE and CE nested models were essentially the same, and the AE model was more consistent with the twin correlations.
Discussion
The recent surge in research on endophenotypes for certain psychiatric disorders (e.g., schizophrenia) has focused in part on executive functioning. Two widely used measures of executive functioning, the WCST and the Stroop test, have each received attention as possible endophenotypes (Doyle et al., 2005; Keri & Janka, 2004; Stins et al., 2004) . However, the evidence for genetic influence on those measures is limited and/or mixed, which has implications for the use of either measure as an endophenotype, given that heritability is a necessary characteristic of an endophenotype (Almasy & Blangero, 2001; de Geus, 2002; Gottesman & Gould, 2003; Inoue & Lupski, 2003) . The present study aimed to clarify and round out evidence on the heritability of these two widely used executive functioning measures.
No evidence of genetic influence on WCST performance was found. Consistent with an earlier twin study by Campana et al., 1996 , the correlations on most WCST scores for MZ twins were near zero and nonsignificant, and the DZ correlations were zero or modestly negative and nonsignificant. The two earlier twin studies on the WCST (Campana et al., 1996 , Nicole & Del Miglio, 1997 were based on very modest samples, and were contrasted in their results by a study of female young adult twins that did find evidence of moderate genetic influence on most WCST scores (Anokhin et al., 2003) . However, the present findings from a larger mixed gender sample of mostly young adult twins, coupled with similarly negative findings from a larger sample of middle-aged male twins (Kremen et al., 2007) , appear to tip the balance of evidence toward suggesting that WCST performance is not heritable. This is not necessarily incompatible with findings of specific genetic associations with WCST performance. Indeed, the COMT gene polymorphism accounts for less than 5% of the variance in WCST performance (Egan et al., 2001 ) and, therefore, it is possible that twin studies examining WCST performance have been underpowered to detect what might be very modest magnitude heritability for the task.
Stroop performance, on the other hand, had clear genetic influence in this study of mostly young adult twins, with estimates of additive genetic effects coming close to those found in preadolescent twins (Stins et al., 2004) and middle-to late-adult twins (Johnson et al., 2003) . As such, the present data round out the literature on the heritability of the Stroop test, and suggest that the magnitude of genetic effects are fairly consistent from late childhood to late adulthood (though this remains an empirical question). So what are the implications of the present results on the search for endophenotypes? The Stroop test appears to meet the heritability criterion and, as Stins et al. (2004) suggest, might represent an endophenotype for dysfunction in the interference dimension of executive functioning. The WCST, on the other hand, does not appear heritable based on the balance of the evidence, and thus fails to meet a critical criterion for an endophenotype. This certainly does not diminish the impact of the research showing impaired functioning on the WCST in relation to schizophrenia, ADHD, or other psychiatric disorders. Instead, it suggests simply that normal variation in WCST performance is not associated with large variation in genetic factors, and thus other explanations for its association to psychiatric phenotypes require investigation. Gottesman and Gould (2003) make a distinction between a 'biological marker' which lacks genetic underpinnings, and an 'endophenotype' which has a clear genetic basis. The former might be 'environmental, epigenetic, or multifactorial' in nature (p. 638, Gottesman & Gould, 2003) , and the low MZ correlations for WCST performance found in this and other studies (e.g., Campana et al., 1996; Kremen et al., 2007) suggests that it might be a 'biological marker' rather than an 'endophenotype' for executive deficits associated with certain psychiatric disorders.
The present study provided additional data needed to clarify the heritability of WCST and Stroop performance. Strengths of the study include the mixed gender sample of twins, and the representativeness of the sample in terms of race and ethnicity. Limitations of the study include the higher proportion of MZ pairs relative to DZ pairs, and greater number of female pairs relative to male pairs, although these two imbalances are quite typical in volunteer twin samples (Lykken et al., 1987) . Nonetheless, gender differences in the estimates of genetic and environmental influence on the WCST and Stroop were not tested and cannot be ruled out. In addition, the ascertainment strategy yielded a sample of mostly young adult twins that were currently in college, and some older adult twins from the community, which is not necessarily representative of all twins in similar age groups. As such, the present findings should be applied with particular caution to populations with lower levels of education. Although the questionnaire and similarity rating method used to determine zygosity has a long history in twin studies, and has demonstrated utility (Lykken et al., 1990) , it would have been preferable to use DNA markers to determine zygosity, given the relatively small sample size, and the potential impact of misclassifying pairs. Finally, the sample was larger than most other twin studies of WCST performance, but was nonetheless too small to detect modest levels of heritability.
In conclusion, the present study provided data to round out the evidence for moderate heritability on Stroop performance, providing support for at least that criterion of an endophenotype as it applies to the Stroop. The present study was consistent with other twin studies (Campana et al., 1996; Kremen et al., 2007; Nicole & Del Miglio, 1997; see Anokhin et al., 2003 for the exception) in suggesting that WCST does not appear to have a substantial genetic basis, and might not be an appropriate candidate for an endophenotype. Rather, WCST performance could represent a 'biological marker' of a particular executive dysfunction that characterizes certain psychiatric disorders, and, as such, will remain a valuable measure to clinicians and researchers alike.
